Neuroimaging activation studies typically observe signals during two or more periods of differing cognitive activity which are then analyzed by a subtraction to test for localized neuroanatomical dissociations between cognitive tasks. Significant activity found between task conditions is frequently assumed to reflect a novel cognitive process present in one task and not the other. We present a conceptual framework that considers the neural mechanisms underlying such observed neuroimaging changes. We propose that neuroimaging experiments which present stimuli at a fixed pace (where each trial takes the same amount of time) will be sensitive to changes in both duration and intensity of neural processing. In contrast, the signal observed during a self-paced design is derived from neural processing averaged over the reaction time and hence could be less sensitive to differences in duration of neural processing. As an empirical demonstration of these ideas, we studied normal subjects using echoplanar functional MRI during two visuospatial tasks (matching of either ROTATED or NONROTATED stimuli) performed using FIXED and SELF-PACED designs. In both pacing designs, reaction times were greater in the ROTATED than NONROTATED task, interpreted as a greater duration of neural processing during the ROTATED compared to the NONROTATED task. In the FIXED-PACED design, significantly greater signal was present within a parieto-occipital cortical region during the ROTATED task compared to the NONROTATED task. This difference was not observed during the SELF-PACED design. This result illustrates the importance of considering trial pacing in the interpretation of functional neuroimaging activation studies. r 1997 Academic Press
INTRODUCTION
Functional MRI (fMRI) is a neuroimaging method which, in a common implementation, detects changes in a blood oxygenation level-dependent (BOLD) signal that is an indirect measure of underlying neural activity (Kwong et al., 1992; Ogawa et al., 1993) . This technique is frequently employed in the service of cognitive neuroscience and psychology in a manner similar to that developed for use with positron emission tomography (PET) . fMRI signals obtained during different experimental conditions are typically compared via a subtraction in order to test for localized neuroanatomical dissociations between cognitive tasks. A significant difference found between task conditions is typically assumed to reflect a novel cognitive process that is present in one task and not the other. Less frequently considered are the gross neural mechanisms which could have led to the observed neuroimaging difference. Here we present a basic conceptual framework that is relevant to considering such mechanisms. We also describe how control of trial pacing, when coupled with explicit assumptions, can allow a test for differences in intensity of neural processing nearly independently of differences in duration of neural processing. Finally, we show, both theoretically and empirically, that the choice of how an experiment is paced is nontrivial and directly affects the types of hypotheses that can be tested.
Conceptual Framework
In this discussion, we will use the term ''local neural processing'' to connote the amount of neuronal computation taking place in a region whose size is on the order of the spatial resolution of the imaging method. The analysis which follows assumes that the relationship between the time-averaged functional neuroimaging signal and the underlying neural processing is linear. Recent investigation, however, has provided evidence that the transform is not strictly linear, though it may be approximated well by a linear system if the duration of neural processing is relatively long [.3 s (Boynton et al., 1996) ]. Nevertheless, we retain the linearity assumption as a reasonable first approximation. We will also be referring exclusively to cognitive subtraction designs (Posner et al., 1988) in which the timeaveraged neuroimaging measures (obtained from either PET or fMRI) are compared across conditions. In a cognitive subtraction design, the neuroimaging signal that is observed for a given experimental condi-tion reflects both the duration of neural processing and its intensity. The concepts of intensity and duration of local neural processing are illustrated with an example. Consider the response of a group of neurons to a single presented stimulus. One hypothetical profile of intensity of local neural processing versus time is illustrated by a solid, thick line in Fig. 1 . Under other conditions, e.g., if the stimulus characteristics are changed, this group of neurons may manifest a different response. Drawn as thin lines in Fig. 1 are three of infinitely many different possibilities. The thin dotted line represents an increase in the intensity of the response: the total duration of neural processing is unchanged, but its amplitude has increased. The thin dashed line, alternatively, illustrates an increase in the duration of the response: the intensity of neural processing is relatively unchanged, but the length in time of the response is increased. Finally, the thin solid line displays an increase in both intensity and duration. We see that even though the actual profiles of neural processing versus time differ for each possibility, their respective time-averaged functional neuroimaging signals would all be greater than that of the initial response. In the cognitive subtraction approach using PET and fMRI technologies, only the time-averaged functional neuroimaging signal of the response of any region is measured. Thus, using the cognitive subtraction method we cannot distinguish between a change in intensity and a change in duration of local neural processing as the basis for any observed change in functional neuroimaging signal.
The control of trial pacing can be exploited in certain situations to gain information regarding differences between conditions in the intensity or duration of local neural processing. We consider two types of cognitive subtraction designs that differ in trial pacing: FIXED-PACED and SELF-PACED designs. A FIXED-PACED experimental design will be defined here as one in which each trial occurs at known intervals of time that do not depend upon the subject's reaction time. An example of a FIXED-PACED design is requiring a subject to decide if each word presented every 3 s is an exemplar of a semantic category. A SELF-PACED design will be defined here as an experimental design in which each trial is presented to the subject at intervals of time that depend upon the subject's reaction time. An example of a SELF-PACED experiment is requiring a subject to decide if each word is an exemplar of a category and then having the next word follow immediately after the subject's response.
The difference in interpretation between FIXED-PACED and SELF-PACED neuroimaging designs is elementary when considered in the context of timeaveraged signals. FIXED-PACED designs are sensitive to changes in both duration and intensity of local neural processing as the signal is derived from an average of neural processing over a fixed period of time. In contrast, a SELF-PACED design can be (as explained below and in the Appendix) much less sensitive to variations in duration than to variations in intensity, because the signal is derived from an average of neural processing over the reaction time, which may approximate the duration of local neural processing. This suggests that a SELF-PACED design might be used to test the contribution of differences in intensity of local neural processing to an observed neuroimaging activation, relatively independently of any differences in duration. The distinction between duration and intensity may be of fundamental interest to cognitive neuroscientists as it can enlighten the formulation and testing of large-scale models of neural computation.
If a FIXED-PACED experiment reveals a difference in local neuroimaging signal between two conditions accompanied by a difference in reaction times, then one parsimonious interpretation of the results is that the reaction time difference indexes a difference in the duration of processing in the observed region. To determine if a change in the intensity of processing also contributed to the significant activation, the experiment is repeated, now under SELF-PACED conditions. If no significant signal difference between the conditions is found, then we accept the null hypothesis that only a change in the duration of processing was present. If, however, a significant signal difference remains in the SELF-PACED experiment, then we have evidence (qualified by the assumptions stated below) that a change in intensity of processing has taken place, in addition to any change in duration of processing.
Two assumptions ground the above interpretation of a SELF-PACED design involving conditions with differing reaction times. First, there must be an increase in local duration of processing in the region of interest that mirrors the increase in reaction times between conditions. Second, the duration of processing in the region of interest must occupy a large component of the total reaction time during the control condition. When these assumptions are satisfied, the duration of local neural processing is closely matched between conditions within a fixed period of time in a SELF-PACED design and only intensity effects will remain. In such cases, a positive result in a FIXED-PACED design coupled with a negative result in a SELF-PACED design would imply a difference in duration and no difference in intensity. A positive result in a FIXED-PACED design coupled with a positive result in a SELF-PACED design would imply an intensity difference, in addition to any differences in duration (which exist by assumption).
Practical Application
Using fMRI, we have previously investigated visuospatial processing with a cognitive subtraction paradigm using a FIXED-PACED design (Shin et al., 1995) . In each of two conditions, subjects were required to match a target stimulus to one of two choices. In one condition (ROTATED), the choice stimuli were rotated in different orientations from the target stimulus, whereas in the second condition (NONROTATED), all stimuli were presented in the same orientation. Analysis of the behavioral performance in this experiment revealed that reaction times were significantly greater in the ROTATED condition compared to the NONROTATED condition. While both conditions produced activity in similar brain regions, compared to a third sensorimotor control (CONTROL) task, a greater magnitude and extent of activation were observed in the version of the task in which stimuli were ROTATED compared to the NONROTATED condition. We interpreted the increase in reaction times as an increase in duration of processing within the activated regions. However, because the stimuli were presented at a fixed pace, we were unable to determine if a change in duration was the sole contributor to the increase in activity or if an increase in intensity was present as well. Using the conceptual framework elaborated above, we considered that a modification of the behavioral paradigm, to a SELF-PACED design, could be used to closely match the total time engaged in local, neural processing between the two visuospatial tasks and thus resolve this ambiguity (Fig. 2) .
METHODS

Subjects
Twenty normal right-handed subjects (12 men, 8 women, 20-37 years old) were studied. Subjects were excluded if they had any medical, neurological, or psychiatric illness or if they were taking any type of medication. All subjects gave informed consent.
Experimental Paradigm
The two visuospatial tasks (ROTATED and NONROTATED) previously examined in Shin et al. (1995) were studied here using FIXED and SELF-PACED designs. In both tasks, subjects responded to correct targets by pushing a keypad with their right or left thumb. Subjects also performed a CONTROL condition which required them to simply alternate button presses to empty square stimuli. The visual stimuli were generated by a Macintosh Powerbook computer and back-projected via an LCD panel and an overhead projector onto a screen which the subjects viewed through a mirror at the top of the MRI head coil. Representative experimental stimuli are shown in Fig.  3 . All task blocks were 40 s in duration.
FIXED-PACED. Ten subjects performed the FIXED-PACED experiment. Two separate fMRI scans were conducted. During the first scan, subjects performed four alternations of the ROTATED and CONTROL tasks. During the second scan, the NONROTATED and
Illustration of the effect of FIXED-PACED and SELF-PACED stimulus presentation conditions. Each black bar represents the reaction time for a single experimental trial within a block of trials. In both FIXED-PACED and SELF-PACED experiments, reaction times are longer in the ROTATED condition (longer black bars). In the FIXED-PACED experiment, the total duration of cognitive processing per block (4 trials are represented) is greater in the ROTATED condition. In the SELF-PACED experiment, the total duration of processing between conditions is matched because more trials are completed per block (7 trials in ROTATED, 10 trials in NONROTATED), which allows for detection of changes in intensity of processing.
FIG. 3.
Representative stimuli for the ROTATED and NONROTATED conditions. CONTROL tasks were alternated. In both runs, the experimental conditions were presented in a fixed order. The rate of stimulus presentation was held constant at 1 stimulus every 5 s. A total of 80 fMRI observations were acquired per condition per subject. The direct comparison of the ROTATED and NONROTATED tasks required a difference of differences [(ROTATED 2 CONTROL rotated ) 2 (NONROTATED 2 CONTROL nonrotated )] as these tasks were acquired in separate runs (where the subscripted CONTROL denotes the same control task that was presented with both the ROTATED and the NONROTATED tasks).
SELF-PACED.
Ten different subjects performed the SELF-PACED experiment. Both ROTATED and NONROTATED conditions were presented in a single run together with another condition (not to be discussed here) and the CONTROL in a random order. A total of 40 observations were acquired per condition per subject. The increase in noise which resulted from a reduced number of observations in the SELF-PACED design was offset by the use of a direct comparison of the ROTATED and NONROTATED conditions, thus theoretically giving the FIXED-PACED and SELF-PACED designs equal error terms even though they differ in their number of observations. The SELF-PACED scans were conducted in a time period immediately following the FIXED-PACED scans.
Data Acquisition
Imaging was carried out on a 1.5T SIGNA scanner (G.E. Medical Systems) equipped with a prototype fast gradient system for echoplanar imaging. A standard radiofrequency (RF) head coil was used with foam padding to comfortably restrict head motion. Highresolution sagittal and axial T1-weighted images were obtained for every subject. Using the BOLD technique (TR 5 2000 ms, TE 5 50 ms) (Ogawa et al., 1993) , a total of 160 gradient echo echoplanar images per slice (16 contiguous 5-mm axial slices) were then obtained in each activation run at a resolution of 64 3 64 pixels in a 24-cm field of view. Twenty seconds of ''dummy'' gradient and RF pulses preceded the actual data acquisition to approach tissue steady-state magnetization.
Off-line data processing was performed on SUN Sparc workstations using programs written in Interactive Data Language (Research Systems, Boulder, CO). A slice-wise motion compensation method was utilized which removed spatially coherent signal changes via the application of a partial correlation method to each slice in time. For each axial slice at each time, a difference image between that slice at time t and that slice at time 0 (a Motion image) was correlated with an image composed of the difference between the slice at time 0 shifted right one voxel and that same slice shifted to the left one voxel (an X-shift image). The same operation was performed for y shifts (using Y-shift images). The X-shift and Y-shift images, weighted by the strength of their respective correlations with the Motion image, were subtracted from the image of the slice at time t. A conceptually similar method for motion in the Z dimension was then applied to the axial image. The rationale for this method was to subtract out signal changes that correlated with small (on the order of a voxel) translations. We have observed that this technique reduces voxel variance to a greater degree than rigid body realignment (Zarahn et al., 1997) .
Creation of Statistical Maps
The raw data for each subject were transformed to a standardized spatial frame (Talairach and Tournaux, 1988) by landmark guided, nine-parameter differential scaling and spatially smoothed by convolution with a 5-voxel FWHM Gaussian kernel. Spatial smoothing was undertaken to account for residual differences in anatomy following realignment. The raw data from all subjects were concatenated and voxel-wise analysis was performed using a general linear model for autocorrelated observations (Worsley and Friston, 1995) . Included within the model was an estimate of intrinsic temporal autocorrelation (Zarahn et al., 1997a) , global signal covariates, and sine and cosine regressors for frequencies below that of the task. Time-series data were smoothed with an empirically derived (Zarahn et al., 1997a) estimate of the hemodynamic response of the fMRI system. This analysis has been empirically demonstrated to hold the map-wise false-positive rate at or below tabular values (Aguirre et al., 1997) . T-field statistical parametric maps (SPMs) were produced for the FIXED-PACED (421 eff df) and SELF-PACED (350 eff df) experiments.
Region Definition
In order to determine if the ROTATED and NONROTATED conditions produced significantly different levels of task-specific signal change, a restricted region analysis was performed within the parietooccipital area which was reliably activated bilaterally in our previous study (Shin et al., 1995) and is considered to be an important brain region for visuospatial processing and mental rotation (Ratcliff, 1978; Ditunno and Mann, 1990; Mehta and Newcombe, 1991) . The 20 voxel regions surrounding the maximum t values in each hemisphere of the parietal lobes for the ROTATED versus CONTROL comparisons were identified in the SPMs corresponding to the FIXED-PACED and SELF-PACED designs. The time-series data within these regions were then averaged and the ROTATED versus NONROTATED contrast was evaluated for the regionaveraged data using the model described above.
RESULTS
The absolute reaction times for the ROTATED and NONROTATED conditions in both the FIXED-PACED and the SELF-PACED designs are given in Table 1 . While accuracy of performance was similar across both task conditions and experimental designs (range 87-94%), reaction times were significantly longer in the ROTATED versus NONROTATED conditions in both the FIXED-PACED (mean difference 5 434 ms, t 5 4.88, df 5 9, P , 0.0009, two-tailed paired t test) and the SELF-PACED (mean difference 5 646 ms, t 5 3.47, df 5 9, P , 0.007, two-tailed paired t test) experiments. In the FIXED-PACED design, each subject always performed eight trials per 40-s block in both the ROTATED and the NONROTATED conditions. In the SELF-PACED experiment, the mean number of trials per 40-s block was greater for the NONROTATED than for the ROTATED condition (ROTATED: 12.5 trials/ block; NONROTATED: 15.7 trials/block).
Bilateral parieto-occipital regions were defined using the local maxima of the ROTATED versus CONTROL The time series data within these regions were examined for the ROTATED versus NONROTATED contrast. For the FIXED-PACED experiment, the effect of the ROTATED condition compared to the NONROTATED condition was significant (right parietal: t 5 1.97, df 5 421, P , 0.03; left parietal: t 5 1.95, df 5 421, P , 0.03, 1-tailed). In contrast, the same measures for the SELF-PACED experiment were not significant (left parietal: t 5 0.04, df 5 350, P , 0.49; right parietal: t 5 0.41, df 5 350, P , 0.34, one-tailed).
DISCUSSION
Direct comparison of the ROTATED and NONROTATED conditions in the SELF-PACED design did not reveal significant differences in activity within parieto-occipital regions, while the same comparison yielded significant differences in the FIXED-PACED design. Within the framework presented above, the results of this study suggest that the local neural processing associated with the ROTATED condition does not involve an increase in intensity over the NONROTATED condition. By deduction, these results would support a local neural mechanism for mental rotation which involves an increased duration of processing in the same regions that mediate nonmental rotation processing. It must be stressed that this study did not, and could not, rigorously prove that a local increase in the duration of neural processing accompanies mental rotation. Rather this increase, reflecting the difference in reaction times between the two conditions, was assumed to exist (see Conceptual Framework and Appendix). The purpose of this study was to ask a conditional question: if an increase in the duration of neural processing local to the parieto-occipital cortex did contribute to the increased reaction times, then was there any additional difference in the intensity of local processing?
Mental rotation seems to involve an analog cognitive process in which intermediate states between the initial mental image and the final mental image exist at intermediate times during the rotation process (Cooper, 1976) . One behavioral study has demonstrated that there is an apparent near-linear relationship between the required mental rotation and the reaction time (Shepard and Metzler, 1971 ). An ERP study observed that the averaged negativity at the parietal and occipital electrodes during the 400-800 ms after stimulus presentation was linearly related to the angle of the stimuli (Peronnet and Farah, 1989) . The results of this study, in combination with those of Shin et al. (1995) , are compatible with the hypothesis that mental rotation is mediated solely by an extended duration of processing in the same regions (on the spatial scale attainable with our method) as those mediating other types of visuospatial processing.
Absent the assumptions outlined in the Introduction and Appendix, the results of this study suggest that trial pacing (i.e., whether a FIXED-PACED or SELF-PACED design is employed) can have an impact upon observed differences in neuroimaging signal between behavioral tasks. However, possible confounds of trial pacing in this set of experiments should be considered. For example, the order of task was not counterbalanced in the FIXED-PACED experiment, but was in the SELF-PACED experiment. Also, the sensitivity of the scanner could have changed during the interval between the execution of the FIXED-PACED experiments and the execution of SELF-PACED experiments. Due to these nonoptimal design features, the empirical results presented above should not be taken as incontestable evidence for interactions of behavioral paradigm and trial-pacing on imaging results. Rather, in the setting of the conceptual framework outlined here, these results should be regarded as suggestive, inviting further experimentation and alternative interpretations of existing datasets. There is a class of neuroimaging questions which may be more appropriately addressed with SELF-PACED designs, namely, studies in which group and task performance are confounded. Examples of these include comparisons of normal subjects with pathological subjects as well as studies comparing young and old subjects. In this class of studies, one is typically attempting to gain information concerning differences in neural mechanisms between these groups. Specifically, one may be more interested in differences in intensity of local neural processing rather than differences in duration, as the former may be hypothesized to be more directly related to functional neural changes (though they both may be related). If one group takes more time to do the same task than another (as may be initially anticipated), then the contribution of local processing duration should be considered when interpreting FIXED-PACED studies. It is theoretically possible that true differences in intensity of local neural processing could be masked by an increase in duration of local processing in FIXED-PACED designs. If the assumptions are satisfied, SELF-PACED designs would be more appropriate to test for differences in intensity of local neural processing between subject populations.
In the report of Grady and colleagues (1997), an attempt was made to characterize the effect upon rCBF of increasing the degradation of stimuli in a facematching task. Their experimental design was SELF-PACED, the rationale and impact of which were considered only in passing. Reaction times increased with stimulus degradation by over a factor of 2, raising the possibility that FIXED-PACED and SELF-PACED designs might have yielded substantially different results. One finding of that report was a decreased rCBF in striate and extrastriate cortex with increasing degradation of face stimuli. The many speculations offered to explain this finding aside, it is possible that no decrement at all in neural processing accompanied stimulus degradation within these regions. Rather, this finding could have occurred if the reaction time increased (due to increases in rate-limiting processing in other regions) while neural processing per trial in this region remained constant. In fact, increases in neural processing per trial with increasing stimulus degradation could have also led to this result. This example emphasizes the ambiguity inherent in the interpretation of SELF-PACED designs in the absence of the framework elaborated here.
Finally, it should be noted that the methods developed here, and the assumptions required to support them, are largely a consequence of using the cognitive subtraction methodology to examine neural activity. Neuroimaging techniques which record the time signature of neural activity would permit the direct observation of intensity and duration and thus obviate the need for comparing FIXED-PACED and SELF-PACED designs. In fact, the temporal resolution of fMRI is sufficient to allow discrimination of neural events on the order of seconds (Boynton et al., 1996) . FMRI experimental designs which exploit this resolution can be used to address these issues more directly (Zarahn et al., 1997b) .
APPENDIX (1) Theoretical Relationship between Time-Averaged Neuroimaging Signal and Time-Averaged Neural Activity
We assume here that the transform between rate of local neural processing, NP(t), and the local neuroimaging signal, NI(t), is linear-time invariant. We make the linear transform approximation for the purpose of simplifying the task of examining some theoretical characteristics of FIXED-and SELF-PACED designs. The deviation of actual behavior from linearity could impact the outcomes of the arguments presented below.
If we assume that the NI(t) is a linear transform of NP(t) with the impulse response function given by h(t), then the neuroimaging signal at any time t is given by the convolution of NP(t) and h(t):
For PET or fMRI data we can obtain the time-averaged value of local NI(t) (referred to as AV i ) for condition i from the start of the block, t 0 , until its end, t 0 1 block duration. We assume here that this interval is either corrected for, or much longer than, the hemodynamic response time:
We would then compare conditions i and j by comparing AV i and AV j , yielding the difference AV (i2j) that has zero expectation under the null hypothesis. So what is being compared (in this type of analysis) are the time averages of the neuroimaging signals in each condition. Convolution scales the frequencies of the input signal (including the zeroth frequency, or the signal average) to yield the output signal. Thus, by comparing the time averages of the NI(t) for conditions i and j, we compare the scaled averages of the NP(t) for conditions i and j. By this logic, an increase in the time-averaged neural processing will cause an increase in the time-averaged neuroimaging signal. Also by this logic, we will use the term AV (i2j) to represent the difference between condi-tions in the time averages of both NI(t) and NP(t) (which would be related by a constant).
(2) The Relative Sensitivities of FIXED-PACED and SELF-PACED Designs to Differences in Intensity and Duration of Neural Processing
We now turn to the effects of FIXED-PACED and SELF-PACED designs on time-averaged neural activity (and hence time-averaged neuroimaging signal as shown above). The formula for determining the local, time-averaged neural processing difference between conditions for the FIXED-PACED (3) and SELF-PACED (4) experiments are
where NP x (t ) is the intensity of local neural processing as a function of time in condition x, each integral in both formula is over a single trial from trial onset to response, FTD is the fixed trial duration of a FIXED-PACED design, and RT x refers to the reaction time in condition x.
The reason the integrals in (3) and (4) are over the trial duration in each condition as opposed to the block duration [as in (2)] is that the block is composed of a collection trials, and hence the time-averaged NP(t) over each trial of a particular condition will equal the time-averaged NP(t) over each block of that particular condition. An increase in either intensity or duration of NP a (t) relative to NP b (t) over a trial will cause the left term of (3) to exceed the right term, thus creating a positive difference. Thus, the FIXED-PACED design is sensitive to both intensity and duration of NP(t). In contrast, the time-averaged difference between conditions in local NP(t) in a SELF-PACED design will be sensitive to variations in intensity only (with satisfaction of the assumptions described below), not duration of NP(t). This is because the integration of NP(t) in (4) is over the time it takes to complete the trial (i.e., over the condition specific reaction times). If there is an increase in only the duration of local NP(t) in condition A, the left and right terms of (4) will be equal, and thus their difference will be zero.
The dependence of differences in local, time-averaged NI(t) on intensity and duration of local NP(t) in FIXED-PACED designs will hold if the neuroimaging signal is a linear transform of neural processing. However, two additional assumptions are necessary for the proposed independence of SELF-PACED designs to duration of NP(t) during a trial. If a RT difference exists between the two conditions and the two assumptions stated below (in addition to the linearity assumption) are satisfied, then it is possible to test hypotheses about intensity independently of duration.
The first assumption is that there will be an increase in duration of local NP(t) within behavioral trials if and only if there is an increase in RT between conditions. Again, the imaging signal difference in SELF-PACED designs is sensitive to the difference in rate of NP(t) averaged over the condition-specific reaction times (4). For the difference between conditions to vanish in the face of an increase only in the duration of processing, RT and local duration of processing must be coupled such that numerator and denominator grow proportionately in the left term of (4) when only the duration of local processing changes. Likewise, for a difference between conditions to be detected in the face of an increase in intensity of processing, regardless of any changes in duration, RT and local duration of processing must still be coupled. Thus, to interpret the results of a SELF-PACED design in the proposed manner, one must assume that the condition with the longer RT had a commensurate increase in the duration of local neural processing.
The second assumption can also be determined by consideration of (4). If the time spent in local processing in condition B is only a small fraction of RT b , then an increase in duration only of local NP(t) within behavioral trials in condition A compared to condition B will not cause the left and right terms of (4) to be nearly equal. In this case, the left term will be greater than the right term, creating a positive difference. The magnitude of this difference will vary monotonically (for the early part of the curve) with the proportion of RT b not spent in local processing. Another way of stating this assumption is that the proportion of the total RT occupied by local neural processing in the control condition should approach unity. One may easily check the dependence of the SELF-PACED design signal difference on the proportion of RT b not spent in local processing by entering plausible values into Eq. (6) which gives a simpler (but less generalized) version of Eq. (4) where Intensity is the local NP(t) averaged over the time that the region is actually engaged in processing. Intensity is assumed to be constant across conditions (i.e., assuming the null hypothesis of no intensity differences is true). D x is the duration of local neural processing per behavioral trial in condition x, and D latent is the part of the RT in which there is no local neural processing occurring (which is assumed to be the same in each condition). The FIXED-PACED analogue of Eq. (3) is given in Eq. (5) (again, where Intensity is equivalent between the two conditions).
An example of the dependence of the time-averaged neural processing differences between conditions on the second assumption (with satisfaction of the first assumption) is shown in Fig. 4 . Shown on the ordinate are local, time-averaged neural processing differences between conditions A and B for FIXED-PACED and SELF-PACED designs for a situation in which conditions A and B vary only in duration of processing (assuming certain RTs and rates of neural processing; see legend to Fig. 4) . The abscissa is the amount of time in condition B not spent in local processing [i.e., D latent in Eq. (6)]. It can be seen that when this value is 0 (i.e., the second assumption is completely satisfied), the SELF-PACED design is completely insensitive to duration of neural processing. As D latent grows, we obtain a decelerating increase in the local, time-averaged neural processing differences between conditions. This is a specific example of the dependence, as its exact nature will depend upon the values of the variables in the equation.
(3) The Relative Power of FIXED-PACED and SELF-PACED Experimental Designs for Detecting Changes in Intensity of Neural Activity
Here we address the issue of the relative statistical power of the FIXED-PACED and SELF-PACED designs by resorting to a simplified, but less general, form that models NP(t) as a pulse step [similar to (5) and (6)]. The reason that we address this issue is that the proposed use of SELF-PACED designs to test hypotheses concerning intensity relies explicitly on the ability of this design to detect differences in intensity between conditions. In addition, the possibility of using FIXED-PACED and SELF-PACED designs in tandem to attempt to dissociate contributions of intensity and duration of neural activity relies explicitly on the relative sensitivity of these two methods for detecting changes in intensity (to which both types of designs are qualitatively sensitive). Power depends upon signal, noise, and degrees of freedom. The last two factors should be equal in FIXED-PACED and SELF-PACED designs. Thus the only difference in power between the two designs should be in the signal change, or the difference in time-average neural processing between conditions. Simplified formulae for representing the time-averaged neural processing differences between conditions for both FIXED-PACED and SELF-PACED designs are given in (7) and (8), respectively. These are similar to (5) and (6) except that they do not assume that intensity is constant across conditions and they also assume that the two assumptions stated in the above section are completely satisfied. 
To compare the relative sensitivity of the two designs, we differentiate (7) and (8) with respect to Intensity a to determine the rate of change of the signal difference
FIG. 4.
A plot of the simulated difference in time-averaged, local neural processing between conditions (which vary only in the duration of local processing per trial) for a FIXED-PACED and SELF-PACED design vs the amount of time not spent in local processing per trial in condition B, via Eqs. (5) and (6). The larger this quantity, the greater the violation of the assumption that the duration of time that the region is actually engaged in condition B should be nearly equal to RT b . It can be seen that the imaging signal difference in a FIXED-PACED design would be independent of this quantity. In contrast, the imaging signal difference between two such conditions in a SELF-PACED design is initially zero, but increases as this quantity increases. (The parameters used for thus simulation were D b 5 2500 ms, D a 5 2900 ms, and FTD 5 5000 ms, and Intensity 5 1.0. D latent was the independent variable.) between conditions with respect to change in the intensity difference between the conditions (considering Intensity b to remain constant in the two designs):
≠AV (a2b)SELF ≠Intensity a 5 1.
Since D a # FTD, ≠AV (a2b)FIXED ≠Intensity a # 1 5 ≠AV (a2b)SELF ≠Intensity a .
( 1 1 ) Thus the sensitivity of the signal to differences in intensity of neural processing, and hence the power to detect such differences, in the SELF-PACED design is always greater than or equal to that of the FIXED-PACED design. Thus if there were any intensity difference contributions to the difference in imaging signals in a FIXED-PACED design, these contributions should be at least as detectable with a SELF-PACED design.
